Threshold strain required for a thermally activated dislocation nucleation from a Ni surface step has been measured using an atomistic-based reaction pathway analysis. We show that the saddle-point configuration and the stress-dependent activation energy are strongly influenced by the presence of a surface step. Our results provide insight into the previous experimental findings concerning the mechanism on a coherency loss at the Ni/Cu(001) interface. We conclude that the coherency strain caused by a lattice mismatch between Ni and Cu does not yield a sufficient driving force for the dislocation nucleation.
I. INTRODUCTION
Determining the critical thickness, at which the elastic coherency energy that has been accumulated within a film owing to the lattice mismatch between a film and substrate is released, accompanied by the appearance of the misfit dislocations at the interface, is a crucial concept for understanding the growth of an epitaxially deposited thin film on a thick substrate [1] . Importantly, it has been recognized that the experimentally observed critical thickness tends to be larger than that obtained from a classical thermodynamic approach [2] . This implies that the mechanisms involving the creation of the misfit dislocations would be governed by some kinetically limited processes, but the details are not understood completely.
Among several possible mechanisms for the creation of the misfit dislocations [3] [4] [5] [6] [7] , we focused on a half-loop dislocation nucleation originating from the step structure on the film surface. With respect to semiconductor or metallic systems [8, 9] , large numbers of molecular dynamics (MD) simulations have revealed that the surface step facilitates the dislocation nucleation and reduces the athermal strain (elastic limit) by about half. Although a MD simulation allows us to capture the atomistic aspects for dislocation nucleation in detail, due to its limited time scale (∼10 −9 sec) it is not generally suitable to predict the rate for the dislocation nucleation at a stress level considerably below the elastic limit. Basically, a dislocation nucleation is a stress-mediated thermally activated process [10] . Thus, to gain knowledge about whether the process is likely to happen at such a stress level, one should measure the stress-dependent activation energy associated with the dislocation formation.
Previously, based on a continuum elastic theory [11] , much effort has been devoted to determining the threshold stress (strain) sufficient for the surface-mediated dislocation nucleation to be experimentally observable [6, 7] . However, as many authors have discussed, at the strain level of concern, the validity of the continuum elastic theory seems to be doubtful since the embryonic dislocation loop becomes small comparable to the dislocation core size [7, 12] . On the other hand, Rice et al. extended the Peierls-Nabarro (PN) framework to estimate the activation energy for dislocation nucleation from a crack tip [13] . Moreover, the PN framework has been improved by Xu et al. to analyze a dislocation nucleation from a surface step by treating the step as part of the three-dimensional crack system [12] . While the PN framework is effective for capturing nonlinear behavior of the dislocation core, the question of how to introduce the surface ledge effect into the framework remains [14, 15] .
In the present study, we used an atomistic-based reaction pathway analysis based on a nudged elastic band (NEB) method, which is a powerful computational probe capable of exploring the minimum energy path and acquiring the stress-dependent activation parameters for a material deformation process. This method has been successfully applied to tackling various processes such as dislocation nucleation at the crack tip for Cu [16] or at a sharp corner for Si [17] and a slip transfer across the twin Cu interface [18] . In this paper, we report a quantitative measure of a threshold tensile strain required for a thermally activated dislocation nucleation from a Ni surface step. The analysis of this particular system is motivated by the recent experimental observation by Mitlin et al, in which the mechanisms of a coherency loss at the Ni/Cu(001) interface are extensively discussed [4, 5] .
II. METHODOLOGY
A schematic of the computational model consisting of perfect fcc Ni atoms is shown in Fig.1 To consider a situation where a film is subject to a tensile coherency strain, we imposed a biaxial strain ε=ε x =ε y in the present system. Based on a Schmid factor analysis, this biaxial strain gives the maximum resolved shear stress along the [112] direction on the (111) slip plane (Fig.1) . To check the validity of the system size, we examined two cell sizes, 9.8 nm×9.8 nm×7.8 nm and 19.6 nm×19.6 nm×7.8 nm, and confirmed that the results of our work remained almost unchanged across sizes (the error was within 5%).
The adequate choice of an empirical interatomic potential is crucial for the accurate measurement of the dislocation nucleation energetic. In particular, the following three material quantities, an unstable stacking fault energy γ us [19] , the ratio of an intrinsic stacking fault energy γ sf to γ us (=γ sf /γ us ) [20] and an ideal shear strength τ ideal [21] , govern the mechanics of the dislocation nucleation. According to the recent density functional theory (DFT) calculations for Ni, γ us =273 mJ/m 2 and γ sf /γ us =0.40 are reported by Siegel [22] and τ ideal =5.05
GPa by Ogata et al [23] . Here, we estimated the above quantities using three different potentials: (1) the Mishin potential [24] , (2) the generalized embedded atom method (GEAM) potential [25] and (3) the Voter and Chen potential [26] . We found that the employment of the GEAM potential was the best of the three [27] for our purposes, since this potential is capable of reproducing γ us =252 mJ/m 2 , γ sf /γ us =0.39 and τ ideal =4.74 GPa, which is in excellent agreement with the DFT results.
To be ready for the reaction pathway analysis, we measured the athermal strain ε ath (an elastic limit), which is a critical value when a dislocation spontaneously nucleates without the aid of thermal fluctuation [10] , using 0.001 K MD simulations. At ε ath =0.043, the activation of the 2D straight core of Shockley partial dislocation from the surface step, followed by the step height reduction, can be observed. The Burgers vector is detected as b p =a 0 /6[112](111) (a 0 =0.351 nm), which is consistent with a prior Schmid law prediction.
We used a nudged elastic band (NEB) method [28, 29] to successfully determine the minimum energy path (MEP) and activation energy concerning the dislocation nucleation of b p from the surface step at the strain below ε ath . The initial path of the NEB calculation consisting of 9 images in total was prepared using the following procedure. In the initial state, the system contains no dislocation. The final state is obtained by unloading the state where the straight core of the partial dislocation is located in the bulk at the strain above ε ath . The other 7 intermediate images are provided by connecting the two endpoints.
The given initial path is optimized until the force convergence is satisfied [16, 17] . For the accuracy and efficiency of the minimization, we incorporate the climbing-image [29] and free-end [18] algorithms. Finally, the activation energy E act is determined as a total energy difference between the initial and saddle-point configuration.
The threshold strain ε th sufficient for the thermally activated dislocation nucleation is derived on the basis of a transition state theory (TST). According to TST, the frequency of the nucleation event ν can be given by ν=Qexp(-E act /k B T ), where Q is the attempt frequency, k B is the Boltzmann constant and T is the temperature. Generally, if a nucleation event is experimentally observable at temperature T =300 K, ν should be ≥1 s −1 , which is satisfied when E act is lower than about 0.7 eV [10] . Thus, we defined ε th as a value of an applied strain when the corresponding activation energy E act is 0.7 eV.
4

III. RESULTS AND DISCUSSION
The NEB calculations have been performed at several levels of biaxial strain below ε ath . In all calculations, the MEP obtained involves the nucleation of the Shockley partial dislocation embryo originated from the step, leading to the expansion of the 3D half-loop (see text below). Fig.2 shows the dependence of the activation energy on the applied biaxial strain.
For a reference, the results of the nucleation from an atomistically flat surface are also presented. In both cases, the activation energy decreases as the applied strain increases and their relation can be fitted to an empirical form of E act =A(1−ε/ε ath ) n [10, 17] , where A=24.4
eV, n=2.62 and ε ath =0.043 for a stepped surface, while A=27.5 eV, n=4.34 and ε ath =0.083 for a flat surface. As a consequence of these fittings, we can identify the threshold strain ε th of 0.0319 and 0.0474 for the stepped and flat surfaces, respectively. Threshold strain ε th for the stepped surface is considerably lower relative to that for the flat surface, clearly
suggesting that the step lying on the surface acts as a favorable site for the onset of a dislocation nucleation.
Fig.2 allows us to estimate the activation volume Ω, which is defined as the derivative
of an activation energy with respect to an applied stress [30] . At the threshold strain ε th , the activation volume Ω is about 11b 3 and 8b 3 for the stepped and flat surfaces, respectively (b=0.249 nm is the magnitude of the Burgers vector for a Ni perfect dislocation). These values are on the same order with that estimated by Asaro et al. using a mechanics-based model with regard to a half-loop nucleation from a grain boundary in a Ni nanocrystalline [31] . From a physical perspective, such a small activation volume implies that a surfacemediated dislocation nucleation is a highly sensitive process to thermal fluctuation, as Zhu et al. have argued in their report [32] .
It is interesting to shed light on the structural aspects of dislocation nucleation in detail.
We show the saddle-point atomic configurations near ε th for stepped ( Fig.3(a) ) and flat surfaces ( Fig.3(b) ). The corresponding activation energies for both cases are almost identical (∼0.67 eV). In these two figures, only defect atoms (surface, partial dislocation and stacking faults) are visualized using a central symmetry parameter [33] . It is apparent that the critical radii of at this strain level are sufficiently small and nearly of the order of the dislocation core size. More exactly, the saddle-point configurations are examined using the contour plots of a distribution of a relative displacement u r along the slip direction r between the 5 two adjacent (111) slip planes ( Fig.3(c) for a stepped surface and (d) for a flat surface). The approximate core position can be visualized as a region where the value of |∇u r | attains near its maximum [10] and is in accord with the contour lines of u r /b p =0.3 ( Fig.3(c) ) and 0.25 ( Fig.3(d) ), respectively. For the stepped surface, we find that the radius of about 7.5b p in the y axis is almost equal to that in the r axis, indicating that the loop shape is ideally semicircular. On the other hand, the critical loop for the flat surface seems to be rather elliptic in shape, with a smaller radius in the y axis (5b p ) relative to that in the r axis (8b p ). This distinct difference occurs because when the dislocation loop expands outward, in the flat surface case, the step must be newly created at its edge, while in the stepped surface case, the original step can be removed at the edge. The corresponding energy costs that contribute to the dislocation formation are apparently opposites [3, 7] , such that the slip resistance along the surface (in the y direction) for the flat surface would become higher relative to the stepped surface. This structural analysis provides an evidence that the critical condition is strongly influenced by the presence of a surface step. In addition, we point out that the maximum relative displacements swept by the Shockley partial are only about b p /2 for both cases. As expected, the continuum elastic description by Hirth and Lothe [11] , in which one must assume a fully swept dislocation by the magnitude of the Burgers vector b p , tends to break down at the strain level of interest here.
Finally, we provide an insight into the previous experimental studies by Mitlin et al. [4, 5] . According to their TEM (Transmission Electron Microscope) observation, the epitaxially deposited Ni film with 3 nm thickness on the thick Cu(001) substrate at near room temperature starts to show the loss of interfacial coherency and the misfit dislocations can be observed at the Ni/Cu interface. They have inferred several admissible mechanisms that may lead to the misfit dislocation formation. One of the mechanisms is a half-loop nucleation from the Ni surface step, driven by the coherency stress arising from the 2.56%
lattice mismatch between Ni and Cu. However, we predict the threshold strain of 0.0319 required for the dislocation nucleation to be observable, which is 25% higher than 0.0256.
Also, the activation energy at the strain of 0.0256 is 1.73 eV. Accordingly, our work suggests that the coherency strain is not sufficient to allow the thermal activation for the dislocation nucleation from the step.
Here, we examined the effect of other possible factors that might result in changes in the dislocation nucleation energetics. First, we investigated the effect of the elastic mismatch 6 between Ni film and Cu substrate. The model for NEB analysis can be simply obtained by substituting the Ni atoms that are situated within 5 nm thickness from the bottom into the Cu atom. Since Cu is softer than Ni, the self-energy of the dislocation loop is reduced, which also results in the reduction of the activation energy. However, the net reduction was only 2% (1.70 eV). Second, we checked the effect of the kink, which is the representative local surface heterogeneity. The kink is incorporated in the model by removing the aligning step atoms. While the dislocation embryo is produced in the vicinity of the kink, the analysis gives the slight reduction of the activation energy (1.71 eV). The step height effect is also considered. The activation energy is measured using a step model that is five atomic layers high. The obtained activation energy (≥3 eV) is about twice as high as that of a model one atomic layer high. Consequently, the above three factors (the elastic mismatch, the kink and the step height) are not effective candidates for lowering the activation energy. Thus, these results raise the possibility that nucleation from a stepped surface is unlikely without some external stress or the other heterogeneities such as voids and cracks that would act as a strong stress concentrator.
IV. CONCLUSION
In summary, we have carried out an atomistic-based reaction pathway analysis to identify the threshold strain required for a thermally activated dislocation nucleation from a Ni surface step. The effect of the surface step on dislocation nucleation has been discussed in conjunction with the detailed structural analysis. The results are compared with the previous experimental findings concerning the mechanism of a coherency loss at the Ni/Cu (001) interface, suggesting that a coherency strain due to the lattice mismatch between Ni and Cu does not give rise to a sufficient driving force for the dislocation nucleation. 
